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ABSTRACT

Dynamic fracture processes in structural materials are often described in terms of the
relationship between a measure of the crack driving force and the crack tip speed. In this
article, ongoing research directed toward establishing a basis for such a relationship in terms
of crack tip plastic fields is described. In particular, the role of material inertia on a small scale
as it influences the perceived fracture resistance of a rate independent material is discussed.
Also, the influence of material strain rate sensitivity on the development of crack tip plastic
deformations, and the implications for cleavage propagation and arrest in a material that
can undergo a fracture mechanism transition, is considered. The discussion is concluded
with mention of a few outstanding problems in the study of dynamic fracture, including
some recent experimental evidence that the traditional crack tip characterization viewpoint
of fracture mechanics may be inadequate under very high rate loading conditions.+,

kEYWORDS: dynamic fracture, dynamic crack propagation, elastic-plastic fracture, high
strain rate fracture, crack arrest
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* Presented at the 20th National Fracture Mechanics Symposium, Ainericain Society for

Testing and Materials, held at Lehigh University, June 1987.
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1. INTRODUCTION

Consider growth of a crack in an elastic-plastic material under conditions that are es-

sentially two dimensional. The process depends on the configuration of the body in which

the crack grows and on the details of the applied loading, in general. However, if the region

of active plastic flow is confined to the crack tip region, and if the elastic fields surround-

ing the active plastic zone are adequately described in terms of an elastic stress intensity

factor, then it is commonly assumed that the prevailing stress intensity factor controls the

crack tip inelastic process. With this point of view, the stress intensity factor provides a

one-parameter representation of the input into the crack tip zone. The viewpoint mimics the

O- small-scale-yielding hypothesis of elastic-plastic fracture mechanics [1] but the basis for it in

the study of rapid crack growth is less well established.

Experimental data on rapid crack growth in elastic-plastic materials is commonly inter-

preted on the basis of an extension of the Irwin crack growth criterion in those cases in which

a stress intensity factor fields exists. If the applied stress intensity factor is K,, then a com-

mon constitutive assumption is that there exists a material parameter or material function,

say K m(t, T), depending on crack speed, and possibly on temtperature, such that the crack

., grows with K,= K,,,. Indeed, in the jargon of fracture dynamics, such a condition provides

* an equation of motion for the position of the crack tip as a function of time.

Rapid crack growth in metals subjected to quasistatic loading or stress wave loading of

modest intensity seems to follow this constitutive assumption to a sufficient degree so t hat

a systematic study of some of its physical underpinnings is warranted. Thus, in recent veaIrs

* considerable effort has been devoted to developing models to explain tile reasons why K,,,

depends on crack speed, and possibly on temperature, as it d(os for real materials. The

•Ilro'wh is quit(e straightforward. It is assumned that a cra('k grows at some speed m' il

.% N, N



an elastic-plastic or elastic-viscoplastic material under the action of the input N applied

remotely from the crack tip region. The potentially large stresses near the edge of the

crack are relieved through inelastic deformation in an active plastic zone, and a permanently

deformed laver is left in the wake of the active plastic zone along each crack face as the crack

advances through the material. A solution of this problem is then obtained for arbitrary K"II and t, in the form of stress and deformation fields that satisfy the field equations in some

sense. With this solution in hand, a crack growth criterion motivated by the physics of

the process may be imposed on the solution to yield a relationship between K, and 1, that

must be satisfied for the crack to steadily advance. This relationship is. in fact, the material

function K,,(v, T) for the model problem.

The way in which Km. depends on v, T and other system parameters depends critically

on the details of the fracture separation process, that is, whether it is a void nucleation

and ductile hole growth mechanism or a cleavage mechanism, whether there is a strain rate

induced elevation of flow stress or not, whether the material strain hardens significantly or

...

flows with little hardening, and so on. The processes that must be analyzed are inherently

nonlinear, but a few general results have been obtained for dynamic crack growth in elastic-

plastic materials. Some recent studies are described in the sections to follow.

2. RATE INDEPENDENT MATERIAL RESPONSE

Experimental data on the dependence of dynamic fracture toughness versus crack speed
O.

for AISI 4340 steel and other materials that are commonly considered as elastic-plastic in

their bulk mechanical response have some common features. Here, attention is limited to

sit1ations in which crack growth occurs by the single mechanism of void muicleat ion and

di ,et ile hole growth to0 co'lescence, and in which the extent of plasticity is suihcienitly limmited
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a.

to permit interpretation of the fields surrounding the crack tip region on the basis of a stress

intensity factor. The toughness is found to be relatively insensitive to variations in speed

for very low speeds (less than 20% of the shear wave speed) but increase dramatically with

crack speed for greater speeds. The speed dependence of the surrounding elastic field is not

nearly great enough to account for this dependence, so an explanation must be sought in the

plastically deforming region itself. The Inost likely reasons for this toLigl1ess-sped behavior

are material inertia and material rate sensitivity. While the strain rate in the crack tip region

is necessarily very high. the same general behavior has been observed in materials that are

relatively rate insensitive in their bulk response up to strain rates of 103 
Cc

- 
I

, so the role

of material inertia has been examined separately from the role of rate effects in research on

this matter. The general idea is to generate a theoretical fracture toughness versLs crack

speed relationship to determine the role of inertia on the scale of crack tip plastic zone on

the observed dynamic crack growth response.

A rough estimate of the conditions under which material inertia has a significant influ-

ence on the development of fields within the active plastic zone is obtained as follows. For

steady quasistatic growth of a crack in the plane strain opening mode in an elastic-ideally

"" plastic material, Rice, Drugan and Sham [2] have constructed an asymptotic field consisting

of a constant state region ahead of the crack tip, followed by a fan sector with singular plasticS

strain, an elastic unloading region, and finally a small plastic re-loading zone along the crack
-.. " flanks. Within the region of singular plastic st rain, the (istribtion of particle veh)itv amid

* shear strain in crack tip i)Olalr coordinates is

wti ;ui. 1%, is tie mimaximmiumil extenlt f the plastic oiie. itil r .
"'" where f, is the te, 'sl,, vWi,l Strix ,,i th ;x m ' t tftl ll s I" , . n "i

--.
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the radilial distance fromn the crack tip. If an expression for the kinetic energy density and

the stress work dIensity are derived for this deformation field, then the ratio of the kinetic

~* energy density to the stress work dlensity as a function of r is

2

NE/SW V 10L C2I (2.2)

where c = E/p is an elastic shear wave speed. Based on this simple estimite, it iight

lbe expected that inertial effects wvill be significant when the ratio in (2.2) is greater than

one-tenth. For example, if tv/c =0.1 then the ratio is greater than one-tenth if r/r, < 0.3.

In retrospect, this estimate has a feature that could have been interpreted as a warning

that asymiptotic analysis of this problem would have some subtle difficulties. The estimate

sugssthat for any nonzero v/c there is a range of r/r,0 for wvhich material inertial effects

are important, but that the size of that region diminishes very rapidly as i'/c approachies

zero. Indeed, the estimate suggests that inertial effects are important only over a region for

which ( r/r0 )t/C ~< 1 which is similar in form to the restriction on the domain of validity of

the dynamic asymptotic solution given below in (2.4).

The steady-state growth of a crack at speed r in the the antiplane shear mnode, or inode

* III in fracture mechanics terminology, under small scale yielding conditions wvas analyzed by.

VFreuind andl Douglas [3] and by Diinayevsky an(I Achienbach [4]. The field equat ions governing

- this p~rocess inlclud~e thne e(jliat ion of momnit um balance, thle Striidslciixtrelat ions.

and thle conidi tion t hat thle stress (list rilmut ion far from t he crack edge iiiuist he thle samie as

lie near tip stress (list ribu t ion iii a corresponin~g ela-stic probleni. F(or elastic- ideally plastic'

rePst, iieOf thle iiiat erial . thle Stie.ss s'tate' is assi ied to lie ( il thle MIises yield h mcil" is * ; cicle o f

ra-idi iS Tiii tHie plane of rectangui lar stress coimonenit s,* a iid thle st ress and st ia iii are related

P ~tlioiin1l the( iiciiextai Plantirt Rei's flow I-Ide. The Iiiatceiial is linearly elastic with shearI1

W~ e .P -. ,r. - . . .



modulus it in regions where tiesrs tt osntsatis~fy tit( yieldi 'ond~itionL.

* -. VWithi a view toward deriving a theoretical relationslup b~etween the (crack tip speed andl

th mpsdstress itisNfator reqjuiredl to sustain this speed accordling to a critical plastic

strain crack growth criterion, attention w~as focussed onl the strain (list ribiitilon oin the crack

line within the active plastic zone, and on the influence of material inertia onl this stress

distribution. It was found that the distribution of shear strain onl this line, say (x 0) inl

crack tip rectangular x, y coordinates, could be determined exactly in terms of the plastic

zone size r,, in the parametric form

0~~I -~(r0= M~{ 2)rn ln( 2112~

(2.3)
0 i __(__)____

JO71 (1+s

where ro i'/C ' and c., is the elastic shear wave speed. WVhile the integral 1(t) has a

rep~resenitation in terms of elementary functions only for very special values of its argunment,

it is easily evaluated by numerical methods for any nonzero value of mn.

Teeact result (2.3) resolved a long standing paradox conicernling miode III (crack tip

'p. fieldls. Rice [2) showed that the near ti 1) distribution of strain 'Y/ r )for steady grow,thi

of a crack uinder eqliililbriiini conditions was singular as In2 (.r/r, ) as rr,0 0. Onl tite

other hiand, Slepvani 15] showed that thle asvniptotic (list ribiit li for aniv m > 0 was of tie(

forxi in -' - 1) lii ( r/ r,j as xr, -f 0. These two featuires could( be verified byv exainilf

ie( b ehadvior of tie( exac't s( hioit o for lvNTiaIniic 'growthI (2.3) uind~er tie (' condhit ion in1 - 0 for

a mv uoluerova 1ne of r/ -(, and 1 ider thle 'ond~it ion t hat .rl- --+ 0 for ;ti% iionzeno value of

M1, re5,)c('tv('ly. Thle rslto of tli(' w~r(O ~as foiiiiid. lowevei . inl the he\uii that

%0
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Slepvan's asymptotic solution is valid only if

t'6,-

(.r/ro)2m(I+yn) 1 (2.4)

Thus, the apl)parent inconsistency arises from the fact that the asymptotic result due to
Slepyan is valid over a region that becomes vanishingly small as - 0.

Graphs of the plastic strain distribution on the crack line in the active plastic zone are

shown in Fig. 2.1 for m = 0. 0.3. 0.5. The plastic strain is singular in each case, as has already

been noted. The most significant observation concerns the influence of material inertia on

the strain distribution. An increase in crack speed results in a substantial reduction of the

level in plastic strain for a fixed fractional distance from the crack tip to the elastic-plastic

boundary. Therefore, if a local ductile crack growth criterion is imposed, then it would

appear that the fracture resistance or toughness would necessarily increase with increasing

,* -- crack tip speed. To quantify this idea, the fracture criterion proposed by McClintock and

Irwin [61 was adopted. According to this criterion, a crack will grow with a critical value

of plastic strain at a point on the crack line at a characteristic distance ahead of the tip.

The crack will not grow for levels of plastic strain at this point below the critical level, and

levels of plastic strain greater than the critical level are inaccessible. To make a connection

between the plastic strain in the active plastic zone and the remote loading, a relationslip

between the size of the plastic zone and the remote applied stress intensity factor is required.

'*. This can be Irovided only through a complete solution of the problem, and it was olbtaiied

for the case of inid, III bv Freuind and Douglas on the basis of a full field nunirical s(hltin

)f tilt- goverx ring cqu atios. Tle ,esilt theoretical fracture toultess A IIl vc(rsllS crack

° b,',ld is slhown iin Fig. 2.2 for coittiiiuois variation of the critical plastic strain fron 0, =)

to 2{)r,,/ 1 ,. I, critical distan'ce has been be'i iiiated ill favor )f N!11,-, the lvel of

-' -' .-' - .' . ...' ' - - - .' ' - -'- '* a - . ' ' " " . - " " - .. ..- . . . . . ... . ' X . -
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applied stress intensity required to satisfy the same criterion for a stationary crack in the

same material under equilibrium conditions. The variable intercept at m = 0 indicates an

increasing amount of plasticity with increasingcritical plastic strain, and the intercept values

correspond to the so-called steady state toughness values of the theory of stable crack growth.

that is, with the plateau level of the resistance curve.

The plot in Fig. 2.2 illustrates some typical features. The ratio of izd/IAIIIz is a

monotonically increasing function of crack speed m for fixed critical strain, and this function

takes on large values for moderate values of m. Although there is no unambiguous way to

associate a terminal velocity with these results, they suggest a maximum attainable velocity

-O well below the elastic wave speed of the material. It is emphasized that the variation of

toughness with crack speed in Fig. 2.2 is due to inertial effects alone. The material response

is independent of rate of deformation, and the crack growth criterion that is enforced involves

no characteristic time. If inertial effects were neglected, the calculated toughness would be

completely independent of speed. The question of the influence of material rate sensitivity

on this relationship is a separate issue.

The equivalent plane strain problem of dynamic crack growth in an elastic-ideally plastic

material has not been so fully developed. However, a nmunerical calculation leading to a
O

fracture toughness versus crack speed relationship, analogous to Fig. 2.2, has been described

by Lai and Freund [7]. They adopted the critical crack tip opening angle growth criterion

and derived results for niode I on the basis of the Mises yid condition and .12 flow theory

-"-of pl Yicit that are (jtiite sinilar in general form to those shown for mode III. The iatire

of the e'lastic-plastic fields deep within the active plastic Zone were (ifhctlt to discern from

the finite element resu lts, d11md anm anmalytical study of the asyniptotic field was undertaken

I")V Limghton. ('hianpio '11d Freumd [81 in ordr to examine this feature. It was foid that

N %
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the plastic strain components had bounded limiting values at the crack tip for any nonzero

crack speed ti =/c. but that these limits depended on crack speed as 1/m. Both Slepyan

,: [3] and Achenbach and Dunavevskv [9] reported studies of this problem in which they took

-. elastic compressibilitv into account. They were able to extract solutions valid very close to

the crack tip in the limit of vanishing crack speed. It should be noted that in both studies

the Tresca yield condition was used together with the Mises flow rule. so that the fields

described are consistent with normality of the plastic strain rate to the yield surface only

in the limit of incompressibility. In addition, both studies imposed restrictions on the out-

of-plane deformation that arise from assumiing normality of the plastic strain rate to the

- Tresca yield surface. In a study of the same problem in the incompressible limit. Gao and
Nemat-Nasser [10] reported a solution with jumps in stress and particle velocity across radial

lines emanating from the crack tip for all crack speeds between zero and the elastic shear

wave speed, where the jump magnitudes were subject to the appropriate juinp conditions.

. It is shown in [8], however. that if the sequence of deformation states throughout the jump

7.7. imust be admissible plastic states, consistent with the theory of mechanical shocks. then

discontinuities in the angular variation of stress and particle velocity components around the

crack edge can be ruled out.

% Some data on the dynamic fracture toughness of metals during rapid( cra'k growth are

. available. Rosakis, Duffy and Freund [11] used the optical shadow spot metho10( in retiectiO

1mode to infer the prevailing stress intensity factor during ralpi(d crack growth in -13-10 stcel
0

hardleied to R(. = -13. This is a relatively strain rate inisesliitive material witi verv little

strain hardemnng. so that tle ,materi;al 11m ires,,mm alv be mlodel'(1 as elastic ideally plastic.

The observed tomdilcess varied little with crack speed for speeds up to al)mit G0O to 70(1 m,

"r. '11(d thlr,,aftr tlh,' to ftthim,.s jicrc;ased .. liarplv with ilierasii g crack tip s ,.,d. The ,r,' ,ral
..

"1", 9
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-~~ formn of the toughness versus speedl data was similar to the theoretical predlictioni lhase( oil

tile nunierical simulation rep~orted1 by Lam and Freunid [6], lending su1port to the view that

-. material inertia on the scale of the crack tip pi~stic zone has an important Influence onl

the perceived dynamic fracture toughness. Similar (dat a were reported iby Kob~ayashii andl

Dally [121 who made lphotoelastic measurements of thle crack tip stress field by means of a

* lbirefringent coating on the specimien. Data on crack propagation and arrest in steels were

reportedI by Dahlberg, Nilsson and Brickstad [13].

3. VISCOPLASTIC MATERIAL RESPONSE

An estimate of the plastic strain rate near thle tip of an advancing crack may be obtained

ais follows. Suppose that the yield stress in shear is 7- ardta1h lsics er m dlsi

i. -so that the vieldl strain is Ty/fi. As a rough estimate of the p~lastic strain rate. conisidler

the vieldl strain divided by thle time requiredl for the crack tip to traverse a region that is the

- size of the active plastic zone at speed v. Following McClintock and Irwin [6]. if the size of

tile plastically deforming region is interpreted as thle largest extent inl an elastic field of the

loculs of points onl which thle maximum shear stress IS 7Y, then the estimate of strain rate is

7V7) 31 /,, 2 G (3.1)

where energy release rate G is the chiaracterizing parameter for the elastic field. Clearly. for

rapi(I growthi of a c-rac(k in a low toughness mnateril, thle stmrin rate estimate cani be eniormious,

- well il excess, of 1 O' ";( c' Scomne resu lts concernmed with fatirly large plastic strains, (compared1(,(

()(ls i t a 1s Iiidrli h ralte coniit ions, ale dlisculssedi this Sect ion, 'Ind thle e of

v1, co 1 l;icstl ic rak growth I'witl iil1 pLastic stralIils is conisidered iil thle next section.

(oi~jcer-~t;ccv iaci(k -,rowthi ill anea-lsi Iiiaterial for which the IlowN stress

N1 If)
S%
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depends oil the rate of deformation. The particular material miodel knownt as, the over-stress

powe~r law modlel has b)en considered by Lo [14], Brickstad [15] anl aI inuiber of ot her

authors. According to this idealization, the plastic strain rate in simple shevar dependsICI(1 oin

- the corresponding shear stress 7 through

- ~t+ { T t )IliI for 7r>rt (3.2)

where -;, is the threshold s;train rate for this (description, or the plastic strain rate whenII T 7t.

The dlescription also includes the elastic shear mioduluis /1, the viscosity parameter ,o andl

the exponent ii. A common special case is based onl the assumption that the slow loading

0 resp~onse of the material is elastic-ideally lplastic and that all inelastic strain is accumulated

according to (3.2). For this case, 1 0 and Tt is the slow loading flow stress 7,. For other

purposes. it is assumed that (3.2) p~rov'ides a description of mnaterial response only for Igh

p~lastic strain rates, in excess of the transition plastic strain rate -I and for stress In excess

of the corresponding transition stress leve-l 7t. For low or modlerate p~lastic strain rates, the

4. variation of plastic strain rate with stress is weaker than Ii (3.2), and a common formn for

* -~ the dlependlence is (cf. Frost and Ashby [16])

' =g 1 (T)exp{-g 2 (7)} (3.3)

whee 91 andl f are algebraic functions. The marked (difference bet weeni response at, low or

a iiioderate plastic st raini rates and at high strain rates mnay be (due to a change In fundamnent al

S.
n1iChaiiisin of plastic dlefornmat ion withi increasing rate, or it may b)e a struictutre IndulcedI

ransi tion. For present 1)1 rposes. it, is si ifhcieit to regard thle d1ifference as an empir)iclI

01 )servat i i . The two formxs of const it utive laws (3.2) andl (3.3) can lead to quite dhiff'erent

recsults Ili aiialvsis of crack tip fields aid, i ideed, thle formi ( 3.2) leads to fuindanment ally



(litfi~It res~i~ s for (ifferenlt alies of t lie (xI)oiiit

Lo 14] extenided so)ine earlier work oil thle asvympt oti~c field for steadyv ( 1 lasist at ic crack

gro? i ii a I els I- vcolast ic material byV [ilii and H ee 171 to inld nr leffects.

In hot Ii ass thle iiiiti jaxal version of (3.2) w~ithI n , wsaotdt lsrlI

jIjela;st ic resp oilse. with no ( special pro-vision for unloading. They showed that fo~r valuies of

* ~thle e~ in rI lss t hain 3. thle asymiptoti mst ress field is t he elastic stress field. For values

of ti greater t han 3. onl thle otlher lanld. Lo constructed an asymnptot ic field Including inertial

(tetShaving,, thle saiei reimarkable featutre of complete autonomy found by Hi and Rijedel,

* t hat Is. it revealed no dependence onl the level of remote loading. For steady ant iplanesha

* nlo(le, III crack growth, Lo found the radial dependence of the inelastic strain oil the crack

linie aiead of thle tip to be

.(.0) T a-1Q~~'~~ 1 .t/q (3.4)

* ~where thle depenldence of thle amipli tude factor TI. onl crack speed is given graplucally ii

L0. Whoi also ainalyzed thle corresp)ond~ing p~lane st rain p~rolem. Note that as n - --- the

* l~~plast ic 't rainl sitigularity v ecoines logarithIonic. The full field solution for this problenm under

* ~~S11ixall scale vieldi II g conli t ions, was dleterined numxerically byI Freunid and Douglas 1S

The nuimierical1 results slhowcd aI plastic st rain singuilarity imulch stronger thiain for thle rate

iilelpeii(lent canamd it a ppea redl froml thle iiumierical results that thle (1omain1 ( f dmmac

If the aisViipt I c field wvithlin thle crack tip plastic zone exp~and~ed wit iicreasiiig- crack tip

po-ed. These, obIScrvatiOlis1 are' ConisistenIt withI (3.4).

* I. HIGH STRAI.N RATE ER.\CK GROWTH

A ;\~iticlIlaIIv 1iiitl.("4iii class of dviiicfracturle plrohdciii ;11it-1. couicerme ith

% % % %2
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crack growth in materials that may or may not experience rapid growth of a sharp cleavage

crack, depending on the conditions of temperature, stress state and rate of loading. These

materials nay fracture by either a brittle or ductile mechanisIn on the inicroscale, and the

_F.;i! focus of work in this area is on establishing conditions for one or the other mode to dominate.

The phenonmenon is most commonly observed in ferritic steels. Such materials show a de-

pendence of flow stress on strain rate, and the strain rates experienced by a material particle

in the path of an advancing crack are potentially enormous. Consequently, the mechanics of

rapid growth of a sharp macroscopic crack in an elastic-viscoplastic material that exhibits a

fairly strong variation of flow stress with strain rate has been of interest in recent years. The

,.i: general features of the process as experienced by a material particle on or near the fracture

path are straight forward. As the edge of a growing crack approaches. the stress magnitude

tends to increase there due to the stress concentrating effect of the crack edge. The material

resmiponds by flowing at a rate related to the stress level it order to mitigate the influence of

the crack edge. It appears that the essence of cleavage crack growth is the ability to elevate

S."the stress to a critical level before plastic flow can accumulate to defeat the influence of the

crack tip. In terms of the mechanical fields near the edge of an advancing crack, the rate of

stress increase is determined bv the elastic strain rate, while the rate of crack tip blunting

is determined by the plastic strain rate. Thus, an equivalent observation is that the elastic

strain rate near the crack edge must dominate the plastic strain rate for sustained cleaNage.

It is implicit in this approach that the material is intrinsically cleavable, and the question

investigated in concerned with the way in which work can be sul)plied to the crack tip region.

The irol em has been studied fromi this point of view by Freund and Hfutchinsom [19].

Tlicy adopted the constitutive description (3.2,3) with o = 1. This is indeed a situation

for wliichm tle near tip elastic strain rate dominates the plastic strain rate. Throgh an
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approximate analysis, conditions necessary for a crack to run at high velocity in terms of

constitutive properties of the material, the rate of crack growth, and the overall crack driving

force were extracted under small yielding conditions.

Consider the crack gliding along through the elastic-viscoplastic material under plane

-. strain conditions. At points far from the crack edge, the material remains elastic and the

stress distribution is given in terms of tile applied stress intensity factor I. Equivalently,

the influence of the applied loading may be specified by the rate of mechanical energy flow

into the crack tip region from remote points G, and these two measures are related by means

of

E-I

where v and E are the elastic constants of an isotropic solid and A is a universal function of

the instantaneous crack speed v. The function has the properties that -4(0) = 1, .4'(0) = 0

and A(v) -+ oo as v - cr. For points near the crack edge the potentially large stresses are

relieved through plastic flow, and a permanently deformed but unloaded wake region is left

behind the advancing plastic zone along the crack flanks. For material particles in the outer

portion of the active plastic zone the rate of plastic straining is expected to be in the low

or moderate strain rate range, whereas for particles close to the crack edge, the response is

modelled by the constitutive law (3.2) with n = 1. Because of elastic rate dominance, the

stress distribution within this region has the same spatial dependence as the remote field

but with a stress intensity factor different from the remote stress intensity factor. The crack
6.

tip stress intensity factor, say KIti,, is assumed to control the cleavage growth process. The

K ii infhneice of the remiote loading is screened from the crack tip by the intervening plastic zone.

Na nd the main )uIrpose of the analysis is to determine the relationship between the remote

loadling and the crack tip field. For present l)url)oses, it is assmed that the crack grows as

@ 14
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a cleavage crack with a fixed level of local energy release rate, say Gtj P. The question then

concerns the conditions under which enough energy can be supplied remotely to sustain the

level of energy release rate Gc, at the crack tip.

The matter of relating the applied G to G, was pursued by enforcing an overall energy

rate balance. The balance may be cast into the forrm
Wz:: h

Gc p = G - ,jii dA - U'* dy (4.2)0 ', J A'h '

where A is the area of the active plastic zone in the plane of deformation, h is the thickness of

the plastic wake far behind the crack tip, and U* is the residual elastic strain energy density

trapped in the remote wake. This relation simply states that the energy being released from

- the body at the crack tip is the energy flowing into the crack tip region reduced by the

energy dissipated through plastic flow in the plastic zone, and further reduced by the energy

*.- trapped in the wake due to incompatible plastic strains. The expression is exact.

-,. Through several approximations, the complete energy balance (4.2) was reduced in [19]

to the simple form

-GGci 1 + D(in)P, (4.3)

where the dimensionless parameter P, is o,'VitGcjP(1 + 2 t,/,rt)/3 3 and D(7n) is a

N7 5 dimensionless function of crack tip speed m = v/c, and p is the material mass density. P,

is a mnonotonically increasing function of temperature for steels with values ill the range

-)! from about 0 to 10 as temlperature varies from OK to about 400 K. The function D(m) is
!!.

asymptotically unbounded as m , 0 and m -- 1, and it has a xminimun at an intermediate

crack tip speed. The applied crack tip driving force, say Gs, is related to the crack tip energy

release rate by G,,; = G/(1 - ,/c,) for a semi-infinite crack inl an otherwise unbounded body,

and this relationship) is adopt ed here as an approximation. A graph of Gs/G,,, is shown in

15
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Fig. 4.1 in the form of a surface over the crack speed-temperature plane.

The graph in Fig. 4.1 gives the locus of combinations GS, v, T for which steady state

propagation of a sharp crack call be sustained. The implication is that if a cl(aag, crack

% can be initiated for a combination Gs, v,T that is above the surface. then the crack will

.,..accelerate to a state on tile stable branch of the surface (i.e. the side with increasing G.,;

at fixed temperature). If the driving force diminishes as the crack advances. or if the local

material temperature increases as the crack advances, then the state comlblination will move

toward the miinimm point on the surface at the local temnperature. If the driving force is

further decreased, or if the teniperature is further increased, then growth of a sharp cleavae

* crack cannot be sustained according to the model. The implication is that the crack will

arrest abruptly from a fairly large speed, and a plastic zone will then grow from the arrested

crack.

Of special significance is the observation that, at any given temperature. the variation

of required driving force with crack speed has an absolute mininmm, say G)/Gt . This

- . implies that, according to this model, it is impossible to sustain cleavage crack growth at

that temperature with a driving force below this minimum. Thus, this minimum as a function

-'"" of temperature may be interpreted as the variation of the so-called arrest toughness for the

* material with material temperature. This mininmm is plotted against temperature for the

case of mild steel in Fig. 4.2.

Further crack growth beyond the first arrest is possible if either a ductile growth criterion

can be met or if cleavage can be reinitiated through strain hardening in the evolvin, plastic

zone. The details of the model have been refined through full muierical solution of the

problem [20], 1ut the ess'ntil fea tres have not ('hanged with more precise analysis. A

I",o(lificatioi of the basic mocll was ,proposed by Mataga. tlitchinsom ;id Frenid [211 that
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provide's a description t hat is in bet ter agreenint wit hi f ill field 111 Iicrical sil I t i-i, t han

tle i11o(Il outlinied above. Inl the original development [20]. it was assuiiid that le 'last ic

(lissipatio1 was coii 1)htil controlled by the near tip stress itlinsity factor fielIt. 'ay N, 1 ,.

However, this stress intensity factor, which is asymptotically correct. I1i1.it give way to th,

far field stress stress intensity factor K with increasing distance from the crack g,','. It wa,,

observe(d in [211 that the estimate of plastic dissipation was improved significantly, at last

in conijpariom to finite element simulations, if the plastic dissipation was estilllated (m the

basis (f a "mnean" stress intensity factor V Ixe ', . The graph of arrest totiglihess versus

temperature for parameters corresponding to mild steel arc also shown in FiM. 4.2.

Important experiments on crack propagation and arrest ini steel specimens are currently

eing carried out by deWit and Fields [22]. Their specimeils are enormous single edge notched

plates 1()a('d iIl tcn.iion. The growing crack thins experietces a;i iicreasiig driving force as

it ad(lvai'icc through the plate. A temperature gradient is also establ li(h'(d ill the specimen

so that the crack grows fr ,n the cold side of the specinien toward the warmi side. Based

oil the l)res lIipt ion that the material becomes tougher as the temleratire is increased, the

crack also experiences increasing resistance as it advances through the plate. The specimeii

,-. material is A3g3B pr'essuir( v'ssl steel,. which is both very dlictile and strain rate senisi ti ve.

In the cxierixneits. the fracture initiates as a cleavage fractuire and propagates at high speed

tlrotl ihi the specixie,.n into material of increasing totglii"ess. The crack lien arrst s al iptly

ill ulitrial whose tenelwi'ature is abov , the nil ductility teilii rattire for the iiaterial base'th

on ('hiar)y t-ts. A large llastic zone grows fri()i the arn'stcd ('rack edge. anidt cleavage

c'rack growth is o,,'tsiom ,lly reiiitiatod. The (ssential features ()f the(' exterimiiiut i;)peiair

to he co'nsistent with the uIlel ()f hihl -train ;te cr;ck growth oitlined in [191, and this

1110l Iplplcilrs to ,rivihe a (,,i,.,.1t,111 framwrk for itcrrpictaitioii of th lh'ilmi'lim. All
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an;lvsis of raipid craick g!rowthi III a rate (IC1 (ideiit plasticl( solid l has ;1lS(o l)(eli (a111l(( mit 1;y

lBrickstmal [ 11 Ili o rder to ilit('rIret 50 )ile( eXIperilliit " oil rap)id craick !gr At hi iil a lI 2 I L t ligt hi

"teel. ~ IisloeI tht h work )f (leXit and Fields [22] is part ofth Nuc lear Rvi liii 0or

COX )ISiiils's Heavy Sect ion Steel Techno logy PrrlrIi~lnhch siist ilismi lilt Cgritlt ed 1(1v111 III I

fracture uiiecliaiios etfort Involving ('xIprinlellts'. coilipit at i(l ;iaId hint Iioint eli/ati)l.

5. CONCLUDING REMARKS

The results (described iil t he precedling sect ions rcflect somue progress t owaird dliscove-v of

lie role played playedl by crack ti~p plastic fields Ii (est ablishing cond~it ions for ralii aolvaiice

of a crack inl an elastic-plastic mnateril. IUiderst andixug of this Issue is far from complIlet e mnd

aI few' of thle open quest ions, that could be profit ably pursued aire idlent ified iii t his conicluin~g

setwon. Fo-~~Il, iih of thle mnodelinig thlit has resulted in a (ltald escrip~tion of

crack tip elastic- plastic fields has beenl batsed oil the ;Issunlipt ionl thlit thle fields are st eadly ;Is

SeuiI by at crack tip observer. This alilproach overlooks all transient, asp~ects of the process.

The pictunre of the wity inl which a crack tip plastic zone develops inl a cracked, raIte sensitive

structural material under the action of stress .vave loading is niot cleair, but the question is

implortant in the sense that these fields dectermiine whether or not the crack will advance.

The samte issue appears to be at the heart of the cleavage initiation process inI steels. buit onlI~~ amnicrostruct ural scale. Here, the sudden cracking of carbides or other b~rittle p)hases (Inc to

iticolpa t ib phi~lst ic strmi ois provide's a miclea tion iieclianlisiln, amnd t he quest ion is whet her

0 )~r niot these rlviiiic Iii'' crci('ks peniet rate Int o thle adljaceIlt ferrite as sharp cracks. The

- a miswer scemiii to hiiiige 0onl the way Inl whuich plastic strains develop nlear the carbide-ferrite

ilitemfa.cc dI ie to thle a o 1 )earauicv 'f th linicrocrac-ks Ii thle brittle phases.

TIhfteaijei of t hie aurest of a c~cfava (-I-;rack iiia t rlct nrall material aIre allso unlclear.
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at tli point iiniiiii -rack aippm'- to arrest b'callse coilitiolls foi tl cont"inui.

n itlatitd of clavaue cmI ot be, iiintali('(l [23]. 1ii ternis of t l 11 (l 1 1 1 (01t i

4. arre.t occurs tctilst coilditins for elastic rate tt liiimahice of tle local fi(ll caiuiot be

ii.u liltatllie I H( w\t 't'r, the 1mod el th,,'s not tprovide infotrmation oil the lpr) ces-, tlereaft er. It

ap'wrs- froI th e experillivilts rP rtd bv de'\i t and Fiels [221 tha t ;irr' t I. q lit e abrupt.

hat a l pi' rg dast iC zti grows from t le crack edge folh win g arrest of the cleavage crack, that

the crack inay grow suilistjiilitly iII a ductile lIlode, and that cl(',aage may l' reinitiated

-_" at a later stage. It is not clear if the cleaxge rt'iniitiation is dtie to a rate effect or to a

combination of strain lardelling antt cist rai lit il tle interior plrtions of the sptcilell..

O .N!, tleling of plasticity ('ffects ill (Iinmiic crack growti ha Is ben restricted to two dIieI-

01sitial systemius, for tie l(ost part. It is likely that a lilllnlber :)f tiree dimensional effects are of

"" sufficient i mport an-ce to warrant further iiewestigatioi. Ftr example, crack propagation stud-

it's are often carrie(d out with plate seclintis. For such specinivis, the traisition from plane

stress conditions in regit)s far from the crack tip comared to plate thickness to plane strain

or generalized,, pla tie strain conditions Iie I" the crack edge is not clear. Ylig and Freund [24]

suggest that platne stress conditions prevail only for points beyond about ole-lialf the plate

thickness from the crack edge for elastic deformations. Out-of-plane inertia is of potential

importance in these three dimensional fields, but this effect has not been investigated to

(late. Furthermore. the role of ductile shear lips at the free surfaces or of ductile ligaments

l'ft behind a clea.age crack as it advances through a structural int tal are not clear at this

G. tillie. Ill a stuldv of fracture initiation in dynamically loaded specimens of a ductile material
S;.-

". y Nakanua. Shili and Fremd [23], it was shown that these three dixiieisional effects are

i)otentially very :ig;ificauit.

Virtuiall all ,f the foregoin discussion has focussed oIl issues from the tralitional
.,

p
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- ,. . fracu ire inifchlaIli('s point of view, t hat Is. thle ii,,(, of a single paramecter to( chiaract erize thle

iiichaiicl tate of a (loniijlit crack ini a st ressedl b~ody. This section1 is conlclud~edl. lioiveer.

with milenion0 of somlewNhat sp)ecuilative inlterp~retations of recent work that suggest a departure

from thle t ra(Iit jonal fractulre mechanics viewpoint. Some excitinug niew (data on fracu re

initiati101 and( crack growth in a 4340 steel In a very hard condition were recentlyv rep~ortedl

* - by Ravicliamdrati and Clifton [26]. Through a mnodification of the plate impact apparatuls.

-t hey wvere able to examine fracture initiation andI crack growth of a few millimeters for the

plane st rain situnation of a semii-inifinite crack in an unbounded body sub~ject, to plane wv

loadin,. at least for a icrosecond or two. At the lowest testi' eiea r e~rel h

cracks grew as claaecracks. Based on optical measuremients of the surface motion of the

spcie and~ comparison wvith (let ailed elast ic-viscolplastic calculations, it app~eared that thle

(cracks grew more nearly at constant velocity crack than with a. fixed level of energy release

rate or stress intensity factor. This observation is similar to that mlade by Ravi-Clmaudar and

l~xauss [27] whod stud~ied crack growth in the b~rit tle p)olymier Homialite- 100. In bo0th css

this olbservationi was mnade in situations where the load was suddenly applied and tile load

level wvas very intense complaredl to the tiinmumiin load necessary to induce fracture in the

samne situnat ion. The results suirlgest that the one p~aramueter characterization of the (crack tip

couch ~lt()I ions uni 0it be adlequlate to (describie fractutre response tinder such conclit ions.
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FIGURE CAPTIONS

Fi,. 2.1 Total strain on the crack line in the active plastic zone for steady dynaIiic growth
of a mode III crack in an elastic-ideally plastic material from (2.3).

Fig. 2.2 Theoretical fracture toughness versus crack speed for steady growth of a mode III
crack according to the critical plastic strain at a characteristic distance criterion.
for levels of critical plastic strain from -1, = 0 to - 20To//I. The plateau is an
artifice arising from truncation of the surface at a suitable level.

Fig. 4.1 A surface representing conditions on applied crack tip driving force Gs, crack tip
speed c and temperature that correspond to s The plateau is an artifice arising from
truncation of the surface at a suitable level. teady crack propagation, as predicted
by (4.3).

Fig. 4.2 The inininuiml driving force G* needed to drive the crack dynamically as a function
of temperature. The solid line corresponds to Fig. 4.1. and the dashed line from a
modified result in [21].
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% FIG;URE CAPTIONS

LFig. 2.1 Total s traiii on thle crack line III the active plastic zone for steaidy (lyiiaiiiic tno\vt ii

Z ~of ;I ilio I III craick inI an ernst ic-ilevally plastic material from (2.3).

Fig. 2.2 The oret ical fracture toughness versus crack speed for steadly growthi of a imi de III

crack according to lie critical lplastic strain at a characteristic (list ance crit eriomi.

for levels of critical plastic strain from n 0 to J~ 20T 0//It. The p)lateau1 is aI

artifice arisling from trunlcation of the surface at a sitable level.

Ig. 4. 1 A surface representing conditions on app~liedI crack tip dIrivinig force GS. c-ractk tip

e peed( r' andl t empieratutre that corresp)ondl to steady crack propagationi. as umlc (

S by (4.3). The plateau is an artifice arising fromn truncation of thle surface at a

* sltab~le level.

Fig.4.2 he nnimun (Iivin fore G.needed to dIrive thle crack d1vnainicallv ais a fiic I(

of temnlperatumre. The solidl line corresponds to Fig. 4.1, andI thle (lashed line frol ;Ii

mIOif((l result in1 [21].
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